Renewable energy resources are increasingly being used to meet electric power demands and are gradually replacing conventional generation. In particular, wind generation using variable speed wind turbines (VSWT) which include doublyfed induction generator (DFIG) technology, can not only be adjusted by the amplitude and phase of rotor excitation current but also by active and reactive power independently. The purpose of the former adjustment is to maintain a constant frequency power output which can help to improve system operating efficiency and achieve higher quality power generation, while the latter adjustment can change the power angle in order to keep a stable operation of the generator. An important aspect of instability is the lack of damping to the low-frequency power oscillations in the system, which can be influenced by grid-connected DFIG wind turbine generators. In this paper, damping torque analysis (DTA) is applied to the established Phillips-Heffron model to examine the dynamic interaction between DFIG units and synchronous generators, in particular investigating how DFIGs may affect system oscillation modes. An analysis of the impact of the penetration of DFIG technology on power system stability is presented in the paper and this is exemplified by several interesting application studies and results.
Introduction
As a result of growing environmental concerns, more and more renewable energy resources are made to generate electricity, which are replacing the conventional electrical generation in the industry. Among various renewable resources, wind shows the greatest potential and development of wind power generations is fastest. Variable speed wind turbines (VSWT) utilizing doubly fed induction generator (DFIG) not only can be adjusted by the amplitude and phase of rotor excitation current to maintain a constant frequency power in order to improve the system operation efficiency and achieve high quality power generation, but also can be adjusted by the active and reactive power independently to change the power angle thereby keeping the stable operation of the generator. It has become the most widely applied technology of wind power generation.
A DFIG is synchronized with a power system through power electronics converters. Its dynamic interactions with the power system are different from that of conventional synchronous generators. Compared with the conventional control, rotor currents of DFIG wind turbine generators are always controlled to extract maximum energy from wind. With the increasing usage of these wind turbines, the power system which is traditionally dominated by the synchronous machines will experience a change in terms of both dynamic and operational characteristics. In consequence, the effective inertia of the system will be reduced and system reliability when subjected to large disturbances could be significantly affected with the increasing usage of DFIG wind turbine generators in power systems. Grid connection of wind generators can either replace conventional synchronous machines or just meet the system load increase without replace any synchronous generators. An important issue of instability is insufficient damping for the low-frequency power oscillations in the system, which is affected by gridconnected DFIG wind turbine generators. This paper proposes an approach to examine the effect of increasing usage of DFIG wind turbine generators on transient and small-signal stability of a single-machine infinite-bus power system. A Phillips-Heffron model of a single-machine infinite-bus power system integrated with a grid-connected DFIG wind turbine generator is established. This model is used to indicate that how the DFIG wind turbine generator will affect the system rotor angular stability. The damping torque analysis (DTA) is applied to the established Phillips-Heffron model to examine the dynamic interactions between the DFIG and synchronous generators on the aspect of changing in the system oscillation modes. Thus the analysis of the impact associated with the integration of DFIG on power system stability and how the grid-connected DFIG affects the power system rotor angular stability is presented.
2 Modelling of power system 2.1 A dynamic model of power system installed with a DFIG Fig.1 shows the configuration of single-machine infinite-bus power system installed with DFIG wind turbine. 
In the wd wq  coordinate system, without considering the grid side converter control, rotor current can be obtained as follows: Based on the current direction specified in Fig.1 , the following relationships can be derived: 
The relationship of rotor current and stator current is: 1
The output power of DFIG stator is: 
The power of the DFIG is:
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  (11) is the interface electrical equations of SMIB power system with DFIG wind turbine. From Eq. (2) 
Linearization model
Linearization of Eq. (5) 
By substituting Eq.(14) into the linearization of Eq. (7) 
The linearization of four order dynamic equations of synchronous generator in [8] is:
Thus, the linearization model of SMIB power system integrated with a DFIG wind turbine is: 
Damping torque analysis of power system
From Eq.(25), it can have the linearization model of power system as shown by Fig.3 . 
Thus, the damping torque contributed from DFIG wind turbine to the electromechanical oscillation loop of generator is:
From Eq.(26), it can have: 
From Eq.(31), it can have:
Where 
From Eq.(33), it can have: 
From above equation, it can have: 
By substituting Eq.(37) into Eq.(29), the electric torque contributed from DFIG wind turbine to the electromechanical oscillation loop of synchronous generator is: 
Case Study
The output active power of generator and DFIG wind turbine is 0.5 and 0.5 per unit in power system, respectively. From Fig.3 
Conclusion
The linear single-machine infinite-bus power system integrated with a grid-connected DFIG which could be modelled by either a seven order model or a thirteen order model can be used to calculate the eigenvalues and associated damping torques. The influence of the DFIG model on eigenvalues is small which confirms the rationality of simplified seven-order differential model. The damping torque contributed from DFIG to the electromechanical oscillation loop of synchronous generator is very small so that the system oscillation stability is not affected by the wind turbine. When the total power of DFIG and synchronous generator keeps constant, the damping torque contributed from DFIG to the electromechanical oscillation loop of synchronous generator will be changed with the variation of output power of wind turbine.
